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ABSTRACT HEADING 
In the 60’s and 70’s face-sealed systems were commonly used in the building envelope to prevent rainwater from penetrating the façade. However, numerous 
problems with water ingress were reported. As several research studies showed that the presence of a drainage space significantly improved the water 
management of cladding wall assemblies, wall assemblies have then evolved towards multi-layered systems. The present study provides an overview of past 
research on the drainage capacity of wall assemblies with small drainage cavities to gain a better understanding of the parameters that affect drainage 
efficiency and retention in wall assemblies. Furthermore, a numerical runoff model was analysed and compared to preliminary test results. Past research 
already gave a good overview of measured drainage rates and drainage efficiencies. However, as all these studies adopt different test methods and no detailed 
information is given on the wetted area, results from different studies cannot be compared. It was found that the drainage cavity width, the drainage media, 
spreading of water in the wall and the surface roughness and dynamic contact angles had a significant impact on the drainage capacity of wall assemblies. 
Future research will look more into detail into the impact of these parameters and compare test results with results obtained from simulations with the 
numerical runoff model.  
INTRODUCTION 
Building envelopes have evolved from mass buffering systems to control rain penetration towards face-sealed 
systems in the 60’s and 70’s. These systems rely on the exterior face of the building envelope to prevent rainwater from 
penetrating the façade. However, numerous problems with water ingress were reported. Problems due to poor moisture 
control can be related to aesthetic issues such as cladding staining or can result in serious structural degradation such as 
rotting of wood or corroding of steel studs. In 1996, the Canada Mortgage and Housing Corporation (Morrison 
Hershfield, 1996) published a survey of building envelope failures in the Coastal Climate of British Columbia. 37 
problem buildings and 9 control buildings, incorporating stucco, wood and vinyl wall types, were examined. The results 
of the study showed that water entering the building from the exterior was the primary source of moisture causing 
problems, rather than interior sources of construction moisture. Water entering the building was mainly attributed to 
the presence of deficiencies at interface details between wall components or at penetrations. As most of the wall 
assemblies associated with problems utilized a face seal strategy, the entered water either penetrated further into the 
wall or stayed there long enough to initiate rotting of wood components. It is clear that to prevent structural damage, a 
multi-layered system should be adopted including a drainage cavity in front of a water-resistive barrier to allow 
penetrating water to escape behind the cladding with a minimum of retention. Accurate knowledge of the retained 
portion of water is important given that in undertaking hygrothermal and durability analyses, it is considered to be the 
moisture load applied to the outer-most layer of the wall assembly’s back-up wall. The Swedish SP Certification Rules 
no. 021 requires the quantity of retained water in drained facades to be determined by tests and be applied as input for 
hygrothermal simulations according to EN 15026 (Sweden, 2009).  
The present study provides an overview of past research on drainage capacity of wall assemblies to gain a better 
understanding of the parameters that affect drainage efficiency and water retention in small wall cavities and to gain 
insight into the physical phenomena that affect water drops flowing down in between two surfaces. Furthermore, a 
numerical model for rainwater runoff on vertical planes is analysed which might be used as a base to develop a drainage 
model.  
PAST REASEARCH FINDINGS 
In response to the numerous reported water damage issues, research studies have been undertaken to determine 
the cause of the problem and to gain a better understanding of the water transport into wall assemblies. These studies 
are primarily related to stucco clad walls, Exterior Insulation and Finish Systems (EIFS) clad walls and siding clad walls. 
In the past, these were all designed as face-sealed systems with the intent that water is prevented from entering. 
However, as a lot of moisture related damage was observed, it was clear that a drainage space should be incorporated 
in the wall assembly.  
Face-sealed vs. drained 
Different comparative laboratory studies have determined the impact of a drainage space on the water management 
of wall assemblies. Brown et al.  (Brown, Ullet, Karagiozis, & Tonyan, 1997) conducted water penetration tests on full 
scale EIFS clad wall assemblies. A field investigation on selected EIFS clad houses showed that most water leaks were 
observed at window wall interfaces. Therefore, a series of laboratory tests was carried out on four EIFS clad wall 
specimen incorporating a vinyl combination window. One of the specimens (specimen 4) included a 12 mm deep 
drainage cavity. The other specimens were designed as face-sealed systems. Water was sprayed on the exterior face of 
the specimen and water entry paths were visually observed. As the field investigation already indicated, water did not 
pass through the field of the EIFS during any of the tests. Furthermore, it was found that the presence of the drainage 
cavity significantly improved the water management of the wall assembly as no water was observed at the OSB sheathing 
or in the stud cavity of the drained specimen. In contrast, a retained portion of water of 20% moisture content by weight 
was measured for the OSB sheathing of the other specimens. The positive impact of a drainage cavity on the water 
management of EIFS clad wall assemblies was confirmed by a study conducted by Tonyan et al.  (Tonyan, Moyer, & 
Brown, 1999). Drainage tests were carried out using a static water head test of 4 ± 1/16 in. (102 ± 2 mm) on different 
face-sealed and drained test specimen. A drainage rate of 206.8 gal/hr/ft (2568.3 l/hr/m) was measured for the EIFS 
specimen including grooved EPS foam, which was several times larger than the drainage rate of the specimen without 
drainage space, i.e. 1.6 gal/hr/ft (19.9 l/hr/m). The presence of the drainage space also had a large impact on the elapsed 
time before initial drainage and steady state. Initial drainage already occurred after 5 seconds for the grooved EPS foam 
and steady state was achieved after 3 minutes. In contrast, the EPS foam without furring showed initial drainage after 
75 seconds and steady state was achieved only after 60 minutes. A similar study was conducted by Leslie (Leslie, 2007) 
on stucco walls. The study compared the drainage rate of wall assemblies allowing capillary flow behind the cladding by 
means of one or two layers of a water-resistive barrier to the drainage rate of wall assemblies dominated by gravity 
drainage. Water was discharged through a hose nozzle at a controlled metered flow rate to maintain a 0.5 in. (13 mm) 
water level in a metal trough inserted between the cladding and the water-resistive barrier. The largest drainage rates, > 
1.3 gpm (295.3 l/hr) were measured for a cracked three-coat stucco wall assembly and an EIFS wall assembly with 
drainage mat. Both the cracks in the three-coat wall assembly and the drainage mat in the EIFS wall assembly provided 
several drainage paths where water was able to flow freely resulting in larger drainage rates. Based on these studies, it is 
clear that a drainage space should be provided in front of the water-resistive barrier to improve the water management 
of wall assemblies. This drainage space should act as a capillary break, allowing optimal gravity drainage. However, these 
studies do not go into detail with regard to the required drainage capacity, the optimal cavity width or material 
characteristics that improve the drainage capacity.  
Drainage and retention  
The previous discussed studies primarily focussed on the drainage rate. However, the amount of retained water is 
also a determining factor for the drainage efficiency of a wall assembly. Accurate knowledge of the retained portion of 
water is important as it should be considered as the moisture load applied to the outer-most layer of the wall assembly’s 
back-up wall in Heat Air and Moisture simulation.  
 
Cavity width. Straube (Straube, 2007) conducted drainage tests to determine the amount of water stored in the 
wall assembly after drainage for different wall assemblies. The first tests were conducted according to ASTM E2273, a 
test method to determine the drainage efficiency of Exterior Insulation and Finish Systems. Based on this standard, 8 
litres of water were poured behind cladding in two doses. The first tests, however, showed that the amount of water 
stored in the wall reached almost the same maximum value for a dosage of 8 litres compared to 4 litres. Therefore, two 
doses of either 1.5 litres or 1.0 litre were applied dependent on the dimensions of the test specimen. Each dose was 
poured in the cavity over a period of one minute. In all cases drainage stopped within one or two minutes after water 
was no longer added to the drainage gap. Initial tests were conducted on an idealized wall comprising a small gap of 1 
mm between two sheets of stiff acrylic sheets. It was found that the gap stored 24 g/m2 which was significantly less 
than the amount of water stored on a single sheet of acrylic. Preliminary tests conducted by Van Linden, Lacasse and 
Van Den Bossche (2018) confirmed these findings and also reported that the amount of stored water after drainage was 
less for a 2 mm gap compared to a 1 mm gap between two polycarbonate plates. It is hypothesized that this is because 
of the fact that the velocity of the drops in the 1 mm gap is smaller compared to the velocity of the drops in the 2 mm 
gap due to capillarity. Above a critical velocity of the drops, they leave behind smaller droplets on their path downwards, 
which is called a pearling transition. The size of the droplets left behind, increases with the velocity of the drops (Le 
Grand, Daerr, & Limat, 2005). Therefore, during drainage of the delivered water, the amount of water in the 1 mm gap 
will be larger compared to the amount of water in the 2 mm gap, but once drainage has finished the amount of retained 
water in the 1 mm gap will be less than the amount in the 2 mm gap. This implies that a gap of 1 mm or less would 
perform better with regard to drainage than a larger gap width. Also in terms of energy efficiency it would be beneficial 
to apply a drainage gap as small as possible. For example, in EIFS clad wall systems the drainage cavity is often 
positioned behind the insulation. If the cavity is then too large, it can cause air flowing in the cavity which reduces the 
thermal capacity of the insulation. Future research should determine what can be the minimum gap width for a certain 
wall assembly taken into account that the gap still acts as a capillary break to allow gravity drainage.  
Straube also conducted drainage tests on different cladding systems including EIFS, stucco and different sidings 
with different gap widths ranging from less than 1 mm to 9 mm and different drainage plane materials. Results showed 
that even for gaps smaller than 1 mm, drainage of the delivered water occurred fast. However, no correlation was found 
between the amount of water retained after drainage and the size of the gap as absorbent materials lining the drainage 
gap increased the amount of retained water. Future research should determine the impact of the gap width on the 
retained portion of water for non-absorbent drainage materials. Tested gap widths should range from 10 mm (as 
required in some regions of Canada by the National Building Code of Canada) to gap widths smaller than 1 mm.  
 
Drainage media. Not only the gap width has a significant impact on the amount of retained water, but also the 
drainage media defining the drainage cavity such as drainage mats. Williams (Williams, 2008) conducted drainage tests 
according to the ASTM E2273 test method to determine the drainage efficiency of different water-resistive barriers and 
drainage media. It was found that initial drainage occurred significantly faster for test specimen including furring strips, 
drainage mats or profiled sheets compared to a single or double layer of traditional or drainage-enhanced housewraps. 
Also the drainage efficiency - defined as the ratio of total weight of collected water drained through the test specimen 
to the total weight of water delivered to the test specimen - of the specimen including furring strips, drainage mats or 
profiled sheets was significantly larger (70.9% - 99.7% compared to 5.6%-90.6%). The applied furring strips, drainage 
mats and profiled sheets allowed water to flow freely downwards and improved gravity drainage. In contrast, Onysko 
(Onysko, 2007) reported larger amounts of retained water for test specimen incorporating drainage mats (6 mm) 
compared to EIFS test specimen with a drainage space of 2 – 3 mm. It was observed that drainage mats dispersed water 
falling through the mat and wetting took place throughout the wall. It is therefore crucial to not only compare the 
absolute amounts of retained water but also the wetted area of the wall as a larger amount of retained water over a larger 
wetted area will probably have less severe consequences compared to a small amount of water located in one particular 
location. However, none of these studies mention the wetted area of the wall which affects the implications of the 
amount of retained water on the durability of the wall assemblies.  
 
Surface characteristics. Another parameter that affects the amount of retained water are the surface 
characteristics of the drainage surfaces lining the drainage cavity. Williams (Williams, 2008) briefly mentioned that the 
drainage efficiency increased from flat water-resistive barriers to textured water-resistive barriers. However, preliminary 
test results showed that the amount of retained water on a textured cross-woven polyolefin wrap was larger than the 
amount of retained water on a flat water-resistive barrier. The irregularities of the woven structure of the water-resistive 
barrier caused breakup of the flowing drops more frequently than for drops flowing down on a flat surface. However, 
the spreading of the water over the surface of the water-resistive barrier was less compared to the flat surfaced barrier. 
Further research should determine the impact of the spreading of water and the surface roughness on the drainage 
efficiency of wall assemblies.  
Also the contact angle of the water drops on the surface of the water-resistive barriers has an impact on the amount 
of retained water as the contact angle or more specifically contact angle hysteresis has an impact on the velocity of the 
drops which in turn has an impact on the size of the droplets left behind by drops moving downwards as previously 
mentioned (Le Grand, Daerr, & Limat, 2005). Blocken and Carmeliet (Blocken & Carmeliet, 2006) conducted an 
experimental study on different vertical surfaces (PVC, PMMA, PTFE, glass, glass with hydrophilic coating and glass 
with hydrophobic coating) to evaluate the impact of contact angle on the quantity of retained water. However, no clear 
relation the contact angle measurements and the quantity of retained water could be found. Preliminary test results show 
that the amount of water on a vertical surface with a small contact angle is larger compared to a surface with a large 
contact angle. It was observed that a water flow was present on the surface with a small contact angle during drainage 
compared to separate flowing drops on the surface with a large contact angle. The water flow covered a larger surface 
area resulting in a larger amount of total retained water after drainage had finished. Further research should look more 
into detail into the impact of the contact angle on the amount of retained water. Also the impact of two different 
surfaces with different surface characteristics lining the drainage cavity should be considered.  
 
NUMERICAL MODEL 
To the knowledge of the authors no numerical model exists that is able to predict the drainage efficiency and 
amount of retained water of different wall assemblies. However, numerical models for the rainwater runoff on vertical 
planes have already been developed (Blocken & Carmeliet, 2012). Van Den Bossche et al. (2014) developed a numerical 
simulation model, in order to simulate runoff on a building façade, consisting of two parts, a micro-model and a macro-
model. The micro-model is created to reduce the needed computation time for the macro model and also to investigate 
the behaviour of water flow on a small scale. The macro model predicts the quantity and behaviour of runoff water on 
the whole façade. To develop a drainage model, it would first be necessary to look at the water flow on a small scale, 
therefore the developed micro runoff model is analysed further into detail. In the micro-model, the raindrop distribution 
by Best (Best, 1950) is subsequently used to create a raindrop diamater distribution for the impinging raindrops. Based 
on the horizontal rainfall intensity, the Wind-Driven Rain and raindrop diameter distribution are calculated and used to 
generate discrete raindrops that impinge on a grid with squares of 10 x 10 mm. The volume of each raindrop is then 
stored as a fictional film thickness on each grid square in the model. Based on the force balance for a droplet adhered 
to a surface, an analytical expression for the critical condition for a sliding droplet was derived (Briscoe & Galving, 
1991): 
 
             (1) 
 
Where ρ is the liquid density (kg/m3), g is gravity (m/s2), αc is the angle of the plane, σ is the surface tension of the 
liquid (N/m), V is the volume of the droplet (m3), and θA and θR are the advancing and receding contact angle 
respectively. The average film flow speed, i.e. the water transport from one grid element to the next, is based on the 
Nusselt solution: 
𝑢 =  
𝑔.ℎ2
3.𝜈
       (2) 
Where u is the flow speed (m/s), h is the film thickness (m) and ν is the kinematic viscosity (m2/s). A trace volume 
thickness, the volume of the droplets left behind after a drop of water flowed down, of 0.0166 mm is assumed based 
on experiments on a PMMA sheet and due to the lack of more specific data for different materials. Rivulet formation 
is based on the meandering threshold defined by Legrand-Piteira et al. (Le Grand-Piteira, Daerr, & Limat, 2006). The 
maximum rivulet thickness is calculated based on the criterion of the minimum total energy considering the kinetic 
energy of a two-dimensional velocity distribution of a rivulet (El-Genk & Saber, 2001):  
𝛿 =
(1−cos 𝜃0)
0.22
(
𝜌3𝑔2
15𝜇2𝜎
)
      (3) 
Where θ0 is the equilibrium surface contact angle and μ is the dynamic viscosity (N.s/m2). The implementation of 
roughness is used to simulate the changes in direction of the flow for specific flow regimes. Water that is flowing down 
will follow the path of least resistance. Therefore, the grid element with the lowest roughness, will be likely the preferred 
flow path. The effect of prewetting is simulated by decreasing the roughness of a grid element when water flows off 
this element. The direction of individual drops depends on the surface roughness, prewetting and presence of water 
droplets on the surrounding grid elements. The steady state film thickness is for every simulation calculated in the same 
way, i.e. by dividing the average plane volume by the total plane surface. The average plane volume is calculated by the 
average of the total plane volume over the third calculation loops.  
Figure 1  Water volume on the plane during runoff 
By use of the micro model, a simulation was conducted for a Plexiglas panel with a width and height of 100 mm. 
The rain duration was 500 seconds and the horizontal rainfall intensity was set to 2 mm/h. Figure 1 shows the evolution 
in time of the water volume on the plane. It can be observed that a steady-state is achieved after less than 100 seconds. 
The curve of the steady-state shows small peaks which is specific for the way in which the input volume in generated, 
i.e. through separate raindrops distributed according to the raindrop diameter distribution. Preliminary test results 
showed a similar curve. Drainage tests were conducted for a test specimen consisting of an insulation panel and a water-
resistive barrier. Water was drained in a drainage space of 1 mm in between both planes. Similar to the simulation, a 
steady-state was achieved after less than 100 seconds. This implies that the runoff model can be used as a base to 
develop a numerical drainage model. Future research will investigate the impact of capillarity, drainage width, two 
different contact angles defining a drainage gap, … in order to implement these parameters into the numerical model.  
 
CONCLUSION 
The present study provided an overview of past research on drainage capacity of wall assemblies to gain a better 
understanding of the parameters that affect drainage efficiency and water retention in small wall cavities. In general, wall 
assemblies with a drainage cavity resulted in less moisture related problems compared to face-sealed systems and showed 
an increased drainage efficiency. It was observed that the drainage cavity width had a large impact on the amount of 
retained water after drainage, showing smaller amounts of retained water for smaller drainage cavities. It was found that 
not only the drainage efficiency should be measured during drainage tests but also the spread of the water over the wall 
as it is possible that a larger amount of water is being retained over a larger surface area which does not imply that a 
reduced drainage efficiency is obtained. Another parameter that should be further evaluated is the impact of the surface 
characteristics of the materials lining the drainage space, more specifically the impact of surface roughness and texture 
and the impact of the dynamic contact angles as these parameters will affect the velocity of the drops and consequently 
the size of the droplets left behind after flowing down.  
A numerical rainwater runoff model has been proposed as a base to develop a numerical drainage model. A 
preliminary experimental test and a simulation with the runoff model showed similar results for the evolution in time 
of the volume of water on the plane. Future research will look more into the physical phenomena affecting drainage in 
small drainage cavities by an experimental study and by comparing the results with simulations by the runoff model in 
order to further develop the model and adapt it to a drainage model.  
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